The present work focuses on a sinusoidal phase grating as a pattern projection element in a phase-shifting profilometric system. Usage of the phase grating for fringe pattern generation under coherent illumination proposes several advantages as technical simplicity, high efficiency, minimization of the phase-shifting error, large focal depth and independence of the fringe pattern spatial period on the wavelength. The work considers the frequency content of the projected fringes in the Fresnel diffraction zone and gives the results of test measurements of relative 3D coordinates by means of a pattern projection system with a phase grating that is interferometrically recorded on a holographic plate. Implementation of sinusoidal phase gratings in a four-wavelength profilometric system with parallel recording of the phase-shifted patterns by a multi-camera system for real-time measurements of 3D coordinates of objects and scenes is discussed.
INTRODUCTION
Inherent property of optical methods for parallel acquisition of information stimulated development of various optical techniques for non-contact measurement 3D coordinates of objects and scenes. Among existing techniques, the methods which rely on a functional relationship of the sought object data with the phase of a periodic fringe pattern projected onto and reflected from the object occupy a special place as a fullfield metrological means with non-complex set-ups and processing algorithms that are easy to implement in outdoor and industrial environment [1, 2] . Inevitable environmental noise sources as well as the complexity of the set-up jeopardize outdoor realization of the phase shifting technique with interferometrically created sinusoidal fringes. This motivates implementation of other approaches for sinusoidal pattern projection as using of different spatial light modulators [4] or diffraction gratings [5] but at the expense of higher harmonics in the projected pattern. Violation of the assumption ( )
leads to systematic errors in the evaluated phase. Over the years the systematic errors caused by the nonlinearity of phase-shifters and recording devices and by the presence of higher harmonics have been comprehensively studied [5] . As a result, rather elaborated error compensating algorithms have been proposed. The shortcoming of these algorithms is their controversial behavior: the more efficient they are in suppressing the systematic error, the more vulnerable they are to random error sources. That's why, quite often, it is presumed that the higher harmonics are negligible in the projected pattern [6] . However, one could hardly take this assumption for granted without analysis of the frequency content of the projected fringes. For example, higher harmonics are unavoidable in the fringe profile created by a defocused Ronchi grating which is a popular way to generate sinusoidal fringes [7] .
The present work focuses on a sinusoidal phase grating as a pattern projection element in a phase-shifting system. Usage of the phase grating for fringe pattern generation under coherent illumination proposes several advantages as technical simplicity, high efficiency, minimization of phase-shifting error, large focal depth and independence of the fringe pattern spatial period on the wavelength. The work considers the frequency content of the projected fringes in the Fresnel diffraction zone and gives the results of test measurements of relative 3D coordinates by means of a pattern projection system with a phase grating that is interferometrically recorded on a holographic plate. In addition, implementation of phase gratings is discussed in a four-wavelength profilometric system based on a four-step algorithm (M = 4, φ = π/2) in which each of the four phase-shifted fringe patterns is generated at a different wavelength of the light source and is recorded by a separate CCD camera. The parallel recording of the phase-shifted patterns, modulated by the object surface, makes possible to measure the 3D coordinates of the objects in real-time.
FRESNEL DIFFRACTION BY A SINUSOIDAL PHASE GRATING
A thin sinusoidal phase grating located in the (X,Y) plane with grating lines parallel to the Y axis is characterized with transmittance [8] ( ) ( )
where m is the modulation parameter, L is the grating spacing along the X axis, and J q is a Bessel function of the first kind, order q. At illumination with a unit-amplitude normally incident plane wave, the Fresnel diffraction pattern at distance z behind the grating is a structure that is periodic along directions X and Z. We found a complex amplitude U(x, y, z) in this case can by using the transfer function valid for the Fresnel diffraction
, exp exp
which yields 
In the above expressions λ is the wavelength, and , appears to be optimum for pattern projection. Therefore, by a proper choice of the modulation parameter m and the distance z the influence of the higher diffraction orders could be minimized.
To verify applicability of a sinusoidal phase grating for the 3D coordinates measurements, different gratings were recorded using a He-Ne laser (λ = 632.8 nm, 30 mW) and a high resolution holographic plate HP-650, laboratory production of CLOSPI-BAS. Object wave was generated by an adjustable Michelson interferometer providing equidistant sinusoidal interference fringes, whose period could vary in broad limits. The chemical processing of the holographic plates in both cases was realized with a fixing developer providing formation of colloidal silver grains, i.e. a practically phase recording, low level of noise and high diffraction efficiency up to 70% in NIR. The required modulation of the recorded interference patterns is achieved by proper selection of exposures to fall into the dynamic range 0.5 -1.5 mJ/cm 2 .
Fringe patterns and spatial frequency spectra obtained using sinusoidal phase gratings with different spacing proved that the influence of the second and third harmonics was not negligible.
Nevertheless, if a special care is taken to keep the modulation parameter small and the plane in which fringes are generated is Fig.1 . Intensity distribution (top) and spatial frequency spectrum (bottom) of the light transmitted by a sinusoidal phase grating with spacing L = 0.02 cm in the Fresnel zone as a function of the distance Z behind the grating. For convenience, the part of the spectrum at the fundamental frequency is omitted. The modulation parameter is equal to 3 and the wavelength is λ = 633 nm.
carefully chosen, the obtained fringe pattern can be very close to the desired sinusoidal profile. This is achieved however at the expense of decrease of diffraction efficiency. The gratings with L = 0.025 cm and L = 0.050 cm were used for pattern projection in a relative coordinate's measurement of a test object. The normally illuminated test object was observed by a CCD camera (604x288 pixels) whose optical axis was inclined at angle 30 degr. with respect to the illuminating beam. The results obtained at λ = 785 nm with L = 0.025 cm are presented in Fig. 2 . The relative coordinates were obtained as a difference in the phase distributions calculated for a reference screen and the object that had been both positioned in the same plane of illumination with the same spatial period of the generated patterns. The wrapped phase maps were obtained by four frames phase-stepping algorithm and phase discontinuities were processed with a quality-guided path following method [9] . The pixels estimation was performed by a phase derivative variance algorithm in a 3×3 window and quality maps indicating low-quality regions were produced. The grating with L = 0.025 cm produced satisfactory results but the presence of the second and third harmonics in the patterns generated with L = 0.50 cm introduced a periodical systematic error, that decreased accuracy of the measurement. The observed noise in the reconstructed 3D surface is due to the shadowing effect caused by non-normal observation. 
FOUR-WAVELENGTH PHASE-SHIFTING PROFILOMETRY
The fact that the fringe spacing does not depend on the wavelength permits to illuminate the object by spatially overlapping phaseshifted fringes in order to record simultaneously the deformed patterns by separate CCD cameras at different wavelengths (Fig.3) . This technical solution overcomes the main drawback of the temporal phase-shifting profilometry in which the pattern acquisition is made successively in time. The pattern generation module (Fig.3a) should ensure four sinusoidal patterns of equal intensity, contrast and spacing that are phase-shifted at π/2 by using of four identical phase gratings (G) and diode lasers (DL) that emit at wavelengths 790 nm, 810 nm, 850 nm and 910 nm. The registration module (Fig. 3b) consists of four synchronized CCD cameras for capture of the deformed by the object surface fringe patterns using interference mirror (IM) and filters (IF). Theoretically, the best fringe structure is obtained if the fringes from the planes ( ) 
with the distance from the grating. This means that the plane for fringe generation should be not far away from the grating. In practical realization of the system, the four gratings are located at the same distance from the projective lens. If this distance is chosen within the interval ( )
n n z nm z nm ′′ ′′ ÷ , one should expect fringe profile close to sinusoidal at all used wavelengths. This conclusion is confirmed by Fig.5 which gives the intensity distribution and the spatial frequency spectrum as a function of the wavelength at z = 10.5 cm. In summary, we may conclude that implementation of sinusioidal phase gratings in a four-wavelength multicamera system with simultaneous parallel recording of the phase-shifted patterns, modulated by the object surface, makes possible to measure the 3D coordinates of the objects in real-time. 
